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Host immune activation is critical for enterovirus 71 (EV71) clearance and
immunopathogenesis. However, the mechanism of innate immune activation,
especially of cell membrane-bound toll-like receptors (TLRs), against EV71
remains unknown. We previously demonstrated that TLR2 and its heterodimer
inhibit EV71 replication. In this study, we systematically investigated the effects of
TLR1/2/4/6 monomers and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, and
TLR2/TLR4) on EV71 replication and innate immune activation. We found that
the overexpression of human- or mouse-derived TLR1/2/4/6 monomers and
TLR2 heterodimer significantly inhibited EV71 replication and induced the
production of interleukin (IL)-8 via activation of the phosphoinositide 3-kinase/
protein kinase B (PI3K/AKT) and mitogen-activated protein kinase (MAPK)
pathways. Furthermore,human—mouse chimeric TLR2 heterodimer inhibited
EV71 replication and activated innate immunity. Dominant-negative TIR-less
(DN)-TLR1/2/4/6 did not exert any inhibitory effects, whereas DN-TLR2
heterodimer inhibited EV71 replication. Prokaryotic expression of purified
recombinant EV71 capsid proteins (VP1, VP2, VP3, and VP4) or overexpression
of EV71 capsid proteins induced the production of IL-6 and IL-8 via activation of
the PI3K/AKT and MAPK pathways. Notably, two types of EV71 capsid proteins
served as pathogen-associated molecular patterns for TLR monomers (TLR2 and
TLR4) and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, and TLR2/TLR4) and
activated innate immunity. Collectively, our results revealed that membrane
TLRs inhibited EV71 replication via activation of the antiviral innate response,
providing insights into the EV71 innate immune activation mechanism.
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1 Introduction

Enterovirus 71 (EV71) is the major causative agent of hand,
foot, and mouth disease (HFMD) that poses a heavy burden on
affected infants and children under five years of age. EV71 was first
identified in patients with fatal encephalitis in California, USA, in
1969 (1).In 1973, EV71 was recognized as the causative pathogen of
HEMD, although it was also observed in patients with aseptic
meningitis in Japan (2). Several HFMD outbreaks have occurred
worldwide, particularly in Bulgaria in 1975 (3), Malaysia in 1997
(4), and Taiwan in 1998 (5). China also experienced large outbreaks
of HFMD in Linyi in 2007 (6), Fuyang in 2008 (7), and Guangdong
in 2009 (8). Circulating EV71 has also been reported in Asia-Pacific
countries, including Japan, Singapore, Indonesia, Thailand, and the
Philippines (9-11). Therefore, HFMD caused by EV71 infection is a
serious threat to global public health. EV71 is a single-stranded
positive-sense RNA virus belonging to the genus, Enterovirus, of the
Picornaviridae family. The single open reading frame of the EV71
genome encodes only one polyprotein, which is further hydrolyzed
and degraded by 2A and 3C proteases to form four structural
proteins (VP1, VP2, VP3, and VP4) and seven non-structural
proteins (2A, 2B, 2C, 3A, 3B, 3C, and 3D) (12, 13). Four capsid
proteins form the icosahedral capsid of EV71. Structural proteins
VP1, VP2, and VP3 are located on the surface, whereas VP4 is
internalized in the EV71 capsid (11, 12). In the EV71 life cycle,
binding of scavenger receptor class B member 2 (SCARB2) or
selectin P ligand (SELPLG, also known as PSGL-1) with capsid
proteins is a critical step in the EV71 attachment process (14, 15).
All four capsid proteins of EV71 play different roles in the infection
cycle. VP1 is mainly involved in receptor binding, viral entry, and
virion assembly, and mutations at its amino acid residue 145
determine the virulence of EV71 (10, 16). During viral entry,
EV71 VP4 protein plays an important role in the formation of
pores in the cell membrane to release viral RNA into the host cell
cytoplasm via myristoylation of VP4 to interact with the cell
membrane (17).

Innate antiviral immunity is the first line of host defense against
viral infections. Pattern recognition receptors (PRRs), including
toll-like receptors (TLRs), retinoic acid-inducible gene I-like
receptors, and nucleotide oligomerization domain-like receptors,
recognize conserved viral RNA/DNA or proteins, known as
pathogen-associated molecular patterns (PAMPs), to initiate the
signaling cascade for the production of effector molecules (18, 19).

Abbreviations: TLRs, Toll-like receptors; DN, Dominant negative TIR-less;
PAMPs, Pathogen-associated molecular patterns; EV71, Enterovirus 71;
HFMD, Hand, foot, and mouth disease; SCARB2, Scavenger receptor class B,
member 2; PSGL-1, P-selectin glycoprotein ligand-1; PRRs, Pattern recognition
receptors; IFN, Interferon; IRF3, Interferon regulatory factor 3; IRF7, Interferon
regulatory factor 7; MDMs, Monocyte-derived macrophages; IP-10, IFN-y-
induced protein 10; MCP-1, Monocyte chemoattractant protein-1; IL-8,
Interleukin-8; HIV-1, Human immunodeficiency virus type 1; RSV,
Respiratory syncytial virus; HRV6, Human rhinovirus 6; VLPs, Virus-like
particles; HCV, Hepatitis C virus; PI3K/AKT, phosphoinositide 3-kinase/
protein kinase B; MAPK, mitogen-activated protein kinase; PARP9, poly(ADP-

ribose) polymerase 9.
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TLRs are a class of type I transmembrane PRRs. To date, 10 and 12
TLRs have been identified in humans and mice, respectively.
Human TLRs are further divided into two groups based on their
membrane location: cell membrane-bound TLRs (TLR1, 2, 4, 5, 6,
and 10), and endosomal or endolysosomal membrane-bound TLRs
(TLR3, 7, 8, and 9) (20-22). Using EV71 viral RNA as a ligand,
interferon induced with helicase C domain 1 activates the interferon
(IFN) regulatory factor 3 (IRF3) and induces IFN-f3 expression (23).
Transcriptional levels of TLR7 and TLR8 are significantly
upregulated in EV71-infected HT29 cells (24) and human
primary monocyte-derived macrophages (MDMs) (25).

Clinical samples, such as blood and cerebrospinal fluid samples,
of EV71-infected patients exhibit significantly upregulated levels of
IFN-y-induced protein 10 (IP-10), monocyte chemoattractant
protein-1 (MCP-1), monokine induced by IFN-vy, and interleukin
(IL)-8 (26), and altered levels of proinflammatory cytokines (IL-1f3,
IL-2, IL-23, IL-33, and tumor necrosis factor [TNF]-o), chemokines
(IP-10 and MCP-1), and other cytokines (IL-6, IL-8, IL-10, and IL-
18) (27-29), indicating the activation of cellular immune responses
and involvement of specific cytokines in the pathogenesis of EV71
infection. Therefore, it is necessary to determine the immune
activation mechanism, especially of innate immunity, to
understand the antiviral activity of host cells against EV71.
Interestingly, EV71 exhibits an immune evasion strategy to avoid
innate immunity using its 2A and 3C proteases by cleaving PRRs or
adaptors, including TIR-domain-containing adapter-inducing
interferon-f, mitochondrial antiviral-signaling protein, and IRF7,
to block PRR recognition and inhibit signaling cascade transduction
(10, 30). However, the specific innate immune activation
mechanism of host cells against EV71 remains unknown.
Antiviral innate immunity against EV71 mediated by PRRs
sensing viral nucleotides in the cytoplasm is often disrupted.
Whether host cells use cell membrane-bound TLRs, such as TLR2
or TLR4, to recognize the viral proteins of EV71 to activate innate
immunity remains unclear.

TLR2 and TLR4 mainly recognize bacterial PAMPs, such as
lipopolysaccharides and flagellins (31, 32). Various viral proteins,
such as dengue virus NS1 protein (33), human immunodeficiency
virus (HIV)-1 structural proteins (pl7, p24, and pgdl) (34),
envelope gpl20 glycoprotein (35), respiratory syncytial virus
(RSV) G protein (36), influenza virus extracellular nucleoprotein
(37), and other viral proteins (22, 38), are also recognized by TLR2
and TLR4. TLR2 expression levels are significantly upregulated in
human rhinovirus 6 (HRV6)-infected or UV-inactivated HRV6-
induced human airway epithelial cells (39). TLR2 expression levels
are also significantly increased in EV71-infected or UV-inactivated
EV71-induced MDMs (25). We previously reported that the
transcriptional levels of TLR2 are upregulated in EV71-infected
cells via transcriptomic sequencing (40). Moreover, we previously
demonstrated that EV71 replication is significantly inhibited by the
transfection of TLR2 or TLR2 heterodimer (TLR2/TLR1 and TLR2/
TLR6) plasmids or activation of TLR2 heterodimer by Pam2CSK4
and Pam3CSK4 in HEK293 cells (40). However, the specific effects
of TLR2, TLR4, and TLR2 heterodimer on EV71 remain unknown.
To determine whether cell membrane-bound TLR1/2/4/6
monomers and TLR2 heterodimer exhibit any antiviral activity
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against EV71, we systematically investigated the replication of
EV71, production of IL-8, and activation of the phosphoinositide
3-kinase/protein kinase B (PI3K/AKT) and mitogen-activated
protein kinase (MAPK) pathways (extracellular signal-regulated
kinase [ERK], c-Jun N-terminal kinase [JNK], and p38 pathways)
in HEK293 cells transfected with different TLR1/2/4/6 monomer
and TLR2 heterodimer plasmids. We further evaluated the effects of
EV71 capsid proteins on cytokine production and pathway
activation using TLR monomers (TLR2 and TLR4) and TLR2
heterodimer (TLR2/TLR1, TLR2/TLR6, and TLR2/TLR4). Our
findings revealed that EV71 recognition led to the activation of
antiviral innate immunity to inhibit its replication via TLR1/2/4/6
monomers and TLR2 heterodimer. Moreover, we determined the
roles of EV71 capsid proteins in the activation of TLR monomer
(TLR2 and TLR4) and TLR2 heterodimer (TLR2/TLR1, TLR2/
TLR6, and TLR2/TLR4) signaling.

2 Materials and methods
2.1 Cell lines and virus

Human embryonic kidney (HEK293) and rhabdomyosarcoma
(RD) cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, CA, USA). The human tonsillar epithelial (UT-SCC-60B)
cell line was kindly provided by Dr. Reidar Grenman and
maintained in the Roswell Park Memorial Institute-1640 medium
(Gibco). All media were supplemented with 10% bovine calf serum
and 1% 100x penicillin-streptomycin (Biosharp, China). Cells were
incubated at 37°C in a 5% CO, humidified incubator.

EV71 (Fuyang strain; GenBank: EU703812.1) was used in this
study and propagated in RD cells. Propagation and purification
methods for EV71 were described in our previous study (40).

2.2 Plasmids

Human TLR plasmids, including pcDNA3-TLR1-YFP
(Addgene plasmid #13014), pcDNA3-TLR2-CFP (Addgene
plasmid #13015), pcDNA3-TLR4-YFP (Addgene plasmid
#13018), and pcDNA3-TLR6-YFP (Addgene plasmid #13020),
were gifts from Doug Golenbock. Mouse TLR plasmids, including
mTLR1 (Addgene plasmid #13080), mTLR2 (Addgene plasmid
#13083), and mTLR4 (Addgene plasmid #13085), were gifts from
Ruslan Medzhitov. Point mutation plasmids of TLR4, including
pMyc-CMV1-huTLR4mut-C1196T (Addgene plasmid #53526),
pMyc-CMV1-huTLR4mut-C2141A (Addgene plasmid #53527),
and pMyc-CMVI1-huTLR4mut-A896G (Addgene plasmid
#53525), were gifts from Linda Yu. All these plasmids were
purchased from Addgene (https://www.addgene.org). mTLR6
plasmid pUNOI1-mTLR06-HA3x (punolha-mtlr6), TLR2
heterodimer plasmids, including pDUO-hTLR6/TLR2 (pduo-
htlr6tlr2), pDUO-hTLR1/TLR2 (pduo-htlritlr2), and pDUO-
hCD14/TLR2 (pduo-hcd14tlr2) plasmids, TLR1/2/4/6 Dominant-
negative TIR-less (DN [ATIR]) plasmids, pUNO1-hTLR1-DN-HA
(punolha-htlrl-dn), pUNO1-hTLR2-DN-HA (punolha-htlr2-dn),
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pUNOI1-hTLR4-DN-HA (punolha-htlr4a-dn), and pUNOI-
hTLR6-DN-HA (punolha-htlr6-dn), were purchased from
InvivoGen (San Diego, CA, USA).

Primers for EV71 structural proteins (VP1, VP2, VP3, and
VP4) were designed based on the genome of the EV71 Fuyang
strain (GenBank: EU703812.1). HindIII and NotlI restriction
enzyme sequences were added to forward and reverse primers,
respectively. Viral RNA was extracted using the Viral Nucleic Acid
Extraction Kit II (Geneaid, Taiwan), and cDNA was synthesized
using the First-strand ¢cDNA Synthesis Kit (Beyotime
Biotechnology, Shanghai, China). Full-length genes of VP1, VP2,
VP3, and VP4 were amplified using Easy-Load PCR Master Mix
(Beyotime Biotechnology). Purified genes of VP1, VP2, VP3, VP4,
and pcDNA3.1(+)/myc-His A vectors were digested using HindIII
and NotI (New England Biolabs, Beijing, China) and ligated using
T4 DNA ligase (New England Biolabs, Beijing, China).
Recombinant plasmids pcDNA3.1-EV71-VP1, pcDNA3.1-EV71-
VP2, pcDNA3.1-EV71-VP3, and pcDNA3.1-EV71-VP4 were
confirmed via polymerase chain reaction (PCR) amplification.

2.3 Prokaryotic expression and purification

Full-length VP1, VP2, VP3, and VP4 segments of the EV71
Fuyang strain were codon-optimized and synthesized by Genewiz
(Suzhou, China) and cloned into a pGEX4T-1 prokaryotic
expression vector. Recombinant pGEX4T-EV71-VP1, pGEX4T-
EV71-VP2, pGEX4T-EV71-VP3, and pGEX4T-EV71-VP4 plasmids
were transformed into Escherichia coli strain BL21(DE3) (TianGen,
Beijing, China). Recombinant EV71 VP1, VP2, VP3, and VP4 proteins
were expressed with isopropyl-B-D-thiogalactopyranoside at a final
concentration of 0.5 mM when the optical density (OD)ggo of bacterial
cultures reached 0.6-0.8. Bacterial sediment was collected and
sonicated for 30 min after culture for 16 h at 22°C. The supernatant
was centrifuged and filtered by 0.45 and 0.22 um filter membranes to
remove the bacterial debris and mixed with glutathione S-transferase
(GST)-tag purification resin (Beyotime Biotechnology) for 2 h at room
temperature. GST fusion proteins were collected with an elution buffer
(10 mM reduced glutathione, 50 mM Tris-HCl, pH8.0) after washing
five times with 30 mL phosphate-buffered saline (PBS; pH7.0). Purified
GST fusion proteins were detected using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and their
concentrations were determined using a BCA kit (Beyotime
Biotechnology), according to the manufacturer’s instructions.

2.4 Transfection and infection

Endotoxin-free TLR-related and EV71 capsid recombinant
eukaryotic plasmids were prepared using the E.Z.N.A. Endo-free
Plasmid Kit (OMEGA, USA), according to the manufacturer’s
instructions. HEK293 and RD cells were seeded in a 6-well plate and
the TLR-related or EV71 capsid recombinant eukaryotic plasmids were
transiently single or co-transfected into host cells at the indicated dose
(I or 2 ug) using the SuperFect Transfection Reagent (Qiagen,
Germany), according to the manufacturer’s instructions.
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After transfecting the plasmids into cells for 24 h, TLR-
overexpressing HEK293 and RD cells were infected with EV71 at
a multiplicity of infection (MOI) of 0.5 or 1. Then, cytopathic effects
(CPEs) on non-transfected and transfected HEK293 and RD cells
were observed 24 h after EV71 infection using a microscope
(Olympus, Japan).

2.5 Real-time polymerase chain reaction

EV71 viral RNA was extracted from the supernatant using a
Viral Nucleic Acid Extraction Kit II (Geneaid) according to the
manufacturer’s instructions. Reverse transcription was performed
using the First-strand ¢cDNA Synthesis Kit (Beyotime
Biotechnology) to synthesize cDNA. Real-time polymerase chain
reaction (PCR) was performed with the MyiQ2 Real-Time PCR
system (Bio-Rad, California, USA) using 2xTransStart Top Green
qPCR SuperMix (Trans, Beijing, China) according to
manufacturer’s instructions. Primers and reaction conditions for

real-time PCR were as described in our previous study (40).

2.6 Western blot

Cell lysates were prepared using the radioimmunoprecipitation
assay lysis buffer (Beyotime Biotechnology) supplemented with 50x
protease and phosphatase inhibitor cocktail (Beyotime
Biotechnology). Then, cell lysates were centrifuged to remove the
cellular debris and boiled at 100°C for 5 min. All prepared samples
were subjected to SDS-PAGE with 12% separating gel, transferred
to 0.2-um PVDF membrane (Merck Millipore, Carrigtwohill,
Ireland), and blocked with 5% skim milk in PBST for 1.5 h at
room temperature. Primary antibodies were diluted 1:1000 in PBST
containing 5% bovine serum albumin. The blocked PVDF
membrane was incubated with the diluted primary antibodies at
4°C overnight, followed by incubation with the diluted secondary
antibodies for 2 h at room temperature after washing thrice with
PBST for 10 min. Finally, the membranes were incubated with an
ECL detection kit (Biosharps), and the protein bands were
visualized using a Tanon 6100 system (Tanon, Shanghai, China).

The following primary antibodies were used in this study: PI3K
p85 (Cell Signaling, Danvers, MA, USA), p-AKT (Ser473; Cell
Signaling), p-ERK1/2 (Thr202/Tyr204; Cell Signaling), p-JNK
(Thr183/Tyr185; Cell Signaling), p-p38 (Thr180/Tyr182; Cell
Signaling), TLR2 (Abcam, Cambridge, MA, USA), TLRI
(Abcam), TLR6 (Cell Signaling), His (Trans), p-PI3K p85ct/f/
p557 (Y467/Y464/Y199; Beyotime Biotechnology), and B-actin
(Beyotime Biotechnology).

2.7 Enzyme-linked immunosorbent assay

The supernatant was collected from EV71-infected plasmid
non-transfected and transfected HEK293 and RD cells. UT-SCC-
60B cells were stimulated with recombinant EV71 capsid proteins at
a final concentration of 80 ug/mL and single transfected with EV71
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capsid recombinant eukaryotic plasmids or co-transfected with
TLR-related and EV71 capsid recombinant eukaryotic plasmids.
HEK293 cells were transfected with TLR-related plasmids for 24 h
and stimulated with recombinant EV71 capsid proteins at a final
concentration of 80 pg/mL. Supernatants from the above
experiments were collected. Levels of IL-6 and IL-8 in the
supernatants were measured using the Human IL-6 and IL-8
ELISA Kits (Beyotime Biotechnology), according to the
manufacturer’s instructions.

2.8 Statistical analysis

All experiments were conducted in triplicate. Data are
represented as the mean * standard deviation. Statistical analysis
was conducted using IBM SPSS Statistics software (version 19.0;
IBM Corp., USA). Student’s t-test was used to determine the
statistical differences between the two groups. One-way analysis
of variance was used to determine the statistical differences among
three or more groups. Differences were considered statistically
significant at p < 0.05.

3 Results

3.1 Human- or mouse-derived TLR1/2/6
monomers and TLR2 heterodimer inhibit
replication of and activate innate immunity
against EV71

Previously, we demonstrated that TLR2 and TLR2 heterodimer
reduce CPEs and EV71 replication in TLR2 and TLR2 heterodimer-
overexpressing cells (40). However, we could not determine the
specific mechanism of activation of antiviral innate immunity
against EV71 via cell membrane-bound TLRs. To determine the
roles of cell membrane-bound TLRs, such as TLR1/2/4/6
monomers and TLR2 heterodimer, in EV71 replication and
innate immunity activation, we first transfected human-derived
TLR1/2/6 monomers and TLR2 heterodimer (TLR2/TLR1 and
TLR2/TLR6) into HEK293 cells and then infected them with
EV71 in this study. EV71 replication was significantly and dose-
dependently decreased in TLR2 and TLR2 heterodimer (TLR2/
TLRI and TLR2/TLR6)-overexpressing HEK293 cells (Figure 1A).
To determine whether mouse-derived TLR2 heterodimer (mTLR2/
mTLR1 and mTLR2/mTLR6) inhibit EV71 replication, mouse-
derived TLR2 heterodimer (mTLR2/mTLR1 and mTLR2/mTLR6)
were overexpressed in HEK293 cells. EV71 replication was inhibited
in a dose-dependent manner (Figure 1B). To determine whether
TLRI and TLR6 monomers could inhibit EV71 replication, we
transfected human- or mouse-derived TLR1 and TLR6 into
HEK293 cells. EV71 replication was significantly decreased in
human-derived TLR1- and TLR6-overexpressing HEK293 cells;
the TLR2/CD14 heterodimer also decreased EV71 replication
(Figure 1C). Similar results were observed in the mTLRI-,
mTLR2-, and mTLR6-overexpressing cells (Figure 1D). Levels of
the EV71 genome were also significantly decreased in RD cells
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FIGURE 1

EV71 infection activates the antiviral innate immunity via toll-like receptor (TLR) monomers and TLR2 heterodimers to limit its replication. (A) Human-
derived TLR2 and TLR2 heterodimer (TLR2/TLR1 and TLR2/TLR6) or (B) mouse-derived TLR2 heterodimer (mTLR2/mTLR1 and mTLR2/mTLR6) plasmids
were transfected into HEK293 cells at a dose of 1 or 2 ug for 24 h, followed by infection with EV71 at a multiplicity of infection (MOI) of 1 for 24 (h) n =
3. (C) Human-derived TLR1, TLR6, and TLR2/CD14 or (D) mouse-derived mTLR2, mTLR1, and mTLR6 plasmids were transfected into HEK293 cells at a
dose of 1 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) (E) Human-derived TLR2 and TLR2 heterodimer (TLR2/TLR1 and TLR2/
TLR6) plasmids were transfected into rhabdomyosarcoma (RD) cells for 24 h and infected with EV71 at an MOl of 0.5 or 1 for 24 (h) Genome copies of
EV71 were determined using quantitative polymerase chain reaction (qPCR), and relative fold differences compared with HEK293 cells infected with EV71
for 24 h were calculated. n = 3. (F) Human-derived TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, and TLR2/CD14) or (G) mouse-derived TLR2 heterodimer
(MTLR2/MTLR1 and mTLR2/mTLR6) plasmids were transfected into HEK293 cells at a dose of 1 or 2 ug for 24 h, followed by infection with EV71 at an
MOI of 1 for 24 (h) Supernatants were collected and interleukin (IL)-8 concentrations were determined using an enzyme-linked immunosorbent assay
(ELISA) kit. n = 3. (H) Human-derived TLR monomer (TLR2, TLR1, and TLR6) and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, and TLR2/CD14) plasmids or
(1) mouse-derived TLR monomer (mTLR2, mTLR1, and mTLR6) and TLR2 heterodimer (mTLR2/mTLR1 and mTLR2/mTLR6) plasmids were transfected
into HEK293 cells at a dose of 1 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) Total proteins were collected, and activation of the
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and mitogen-activated protein kinase (MAPK) pathways was assessed via western blotting. n = 3.

*p < 0.05, **p < 0.01, and ***p < 0.001.

overexpressing human-derived TLR2 and TLR2 heterodimer
(TLR2/TLR1 and TLR2/TLR6) at different MOI of EV71
infection, especially the TLR2/TLR6 heterodimer (Figure 1E).
EV71 replication is significantly inhibited by cell membrane-
bound TLR1/2/6 and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6,
and TLR2/CD14). Given that innate antiviral immunity is the first
line of defense against viral infections, we hypothesized that EV71
activates innate immunity via TLR2 heterodimer recognition. First,
we confirmed that IL-8 production was significantly upregulated in
human TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, and TLR2/
CD14; Figure 1F) or mouse-derived TLR2 heterodimer (mTLR2/
mTLR1 and mTLR2/mTLR6; Figure 1G) overexpressing HEK293
cells upon EV71 infection for 24h and appeared in a dose-
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dependent manner. Second, we investigated whether
inflammatory pathways were activated in TLR-overexpressing
cells following EV71 infection. Expression of PI3K regulatory
subunit p85 was upregulated and phosphorylation levels of AKT,
ERK, JNK, and p38 were also increased at different levels in cells
overexpressing human-derived TLR monomers (TLR1, TLR2, and
TLR6) and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, and
TLR2/CD14; Figure 1H) or in those overexpressing mouse-
derived TLR monomers (mTLR2, mTLR1, and mTLR6) and
TLR2 heterodimer (mTLR2/mTLR1, mTLR2/mTLR6; Figure 1I).
These results suggest that TLR monomers and TLR2 heterodimer
play important roles in inhibiting EV71 replication and activating
innate immunity against EV71.
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3.2 Conditional changes in TLR2
heterodimer inhibit the replication of and
activate innate immunity against EV71

To further determine whether TLR1/2/6 monomers and TLR2
heterodimer play important roles in activating antiviral innate
immunity against EV71, we investigated whether conditional
changes in TLR2 heterodimer affect the inhibition of EV71
replication and activation of innate immunity. Overexpression of
human-mouse chimeric TLR2 heterodimer (mTLR2/TLR1, TLR2/
mTLR1, mTLR2/TLR6, and TLR2/mTLR6) significantly inhibited
EV71 replication (Figure 2A), and EV71 replication was also
inhibited in DN-TLR2 heterodimer (DN-TLR2/TLR1, TLR2/DN-
TLR1, DN-TLR2/TLR6, TLR2/DN-TLR6)-overexpressing HEK293

10.3389/fimmu.2023.1187035

cells (Figure 2B). However, EV71 replication was not inhibited in
DN-TLRs (DN-TLR1, DN-TLR2, and DN-TLR6)-overexpressing
HEK293 cells (Figure 2C) and UT-SCC-60B cells (Figure 2D).
Levels of IL-8 were also significantly upregulated in cells
overexpressing human-mouse chimeric TLR2 heterodimer
(mTLR2/TLR1, TLR2/mTLR1, mTLR2/TLR6, and TLR2/mTLR6),
especially mTLR2/TLR6 heterodimer, in a dose-dependent manner
(Figure 2E); however, levels of IL-8 were not upregulated in DN-
TLR2 heterodimer (DN-TLR2/TLR1, TLR2/DN-TLR1, DN-TLR2/
TLR6, and TLR2/DN-TLR6; Figure 2F) and DN-TLR monomers
(DN-TLR1, DN-TLR2, and DN-TLR6; Figure SI1A). Expression
levels of p85 and phosphorylation levels of AKT, ERK, JNK, and
p38 were upregulated in human-mouse chimeric TLR2
heterodimer (mTLR2/TLR1, TLR2/mTLR1, mTLR2/TLR6, and
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FIGURE 2

EV71 replication is inhibited by conditional changes in TLR2 heterodimers. (A) Human—-mouse chimeric TLR2 heterodimer (mTLR2/TLR1, TLR2/
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mTLR1, mTLR2/TLR6, and TLR2/mTLR6) plasmids and (B) single dominant-negative TIR-less (DN) TLR2 heterodimer (DN-TLR2/TLR1, TLR2/DN-TLR1,
DN-TLR2/TLR6, and TLR2/DN-TLR®6) plasmids were transfected into HEK293 cells at a dose of 1 ug for 24 h, followed by infection with EV71 at an
MOI of 1 for 24 (h) DN-TLR (DN-TLR1, DN-TLR2, and DN-TLR6) plasmids were transfected into (C) HEK293 or (D) UT-SCC-60B cells at a dose of 1
ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) n = 3. Genome copies of EV71 were determined and relative fold differences
were calculated. (E) Human—mouse chimeric TLR2 heterodimer (nTLR2/TLR1, TLR2/mTLR1, mTLR2/TLR6, and TLR2/mTLR6) plasmids were
transfected into HEK293 cells at a dose of 1 or 2 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) n = 3. (F) Concentrations of
IL-8 in the supernatant of group (B). n = 3. (G) Human—-mouse chimeric TLR2 heterodimer (mTLR2/TLR1, TLR2/mTLR1, mTLR2/TLR6, and TLR2/
MTLR6) plasmids or (H) single dominant-negative TIR-less TLR2 heterodimer (DN-TLR2/TLR1 and TLR2/DN-TLR1) plasmids were transfected into
HEK293 cells at a dose of 1 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) Total proteins were collected, and activation of the
PI3K/AKT and MAPK pathways was assessed via western blotting. n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001.
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TLR2/mTLR6; Figure 2G) and DN-TLR2 heterodimer (DN-TLR2/
TLR1, TLR2/DN-TLR1)-overexpressing HEK293 cells (Figure 2H);
however, the opposite results were obtained with DN-TLR
monomers (DN-TLR1, DN-TLR2, and DN-TLR6; Figure S1B).
These findings confirmed that TLR monomers (TLR1, TLR2, and
TLR6) and TLR2 heterodimer (TLR2/TLR1 and TLR2/TLR6) play
important roles in inhibiting EV71 replication and activating innate
antiviral immunity against EV71.

3.3 Human- and mouse-derived TLR4 and
TLR2/TLR4 heterodimer inhibit the
replication of and activate innate immunity
against EV7/1

Influenza virus extracellular nucleoprotein and HIV-1 gp120
interact with TLR4 to mediate cytokine induction (35, 37). TLR2
interacts with TLR4 to form a novel TLR2/TLR4 heterodimer via
hemoglobin (41). As TLR4 recognizes viral proteins to activate innate
immunity, we evaluated the roles of TLR4 and TLR2/TLR4

10.3389/fimmu.2023.1187035

heterodimer in EV71 infection. EV71 replication was significantly
decreased in human-derived (Figure 3A) and mouse-derived
(Figure 3B) TLR4 and TLR2/TLR4 heterodimer-overexpressing
HEK293 cells. Furthermore, EV71 replication was significantly
decreased in human-derived TLR4 and TLR2/TLR4 heterodimer-
overexpressing RD cells in an infection-dose-dependent manner
(Figure 3C). To assess IL-8 secretion in TLR4-and TLR2/TLR4
heterodimer-overexpressing cells upon EV71 infection, supernatants
were collected and IL-8 levels were determined. Upregulation of IL-8
secretion was observed in human-derived TLR4 and TLR2/TLR4
heterodimer-overexpressing cells at a transfection dose of 2 ug
(Figure 3D), and induction of IL-8 was also upregulated in mouse-
derived TLR4 and TLR2/TLR4 heterodimer-overexpressing cells
(Figure 3E). Expression levels of p85 and phosphorylation levels of
AKT, ERK, JNK, and p38 were upregulated in human-derived
(Figure 3F) and mouse-derived (Figure 3G) TLR2, TLR4, and TLR2/
TLR4 heterodimer-overexpressing HEK293 cells. These data indicate
that innate immunity is activated via the cell membrane-bound TLR4
monomer and that the TLR2/TLR4 heterodimer recognize EV71 to
limit EV71 replication.
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FIGURE 3

EV71 infection activates antiviral innate immunity via TLR4 and TLR2/TLR4 to limit its replication. (A) Human-derived TLR4 and TLR2/TLR4 plasmids
or (B) mouse-derived mTLR4 and mTLR2/mTLR4 plasmids were transfected into HEK293 cells at a dose of 1 ug for 24 h, followed by infection with
EV71 at an MOI of 1 for 24 (h) n = 3. (C) Human-derived TLR4 and TLR2/TLR4 plasmids were transfected into RD cells at a dose of 1 ug for 24 h,
followed by infection with EV71 at an MOI of 0.5 or 1 for 24 (h) n = 3. Genome copies of EV71 were determined and relative fold differences were
calculated. (D) Human-derived TLR4 and TLR2/TLR4 plasmids were transfected into HEK293 cells at a dose of 1 or 2 ug for 24 h, followed by
infection with EV71 at an MOI of 1 for 24 (h) n = 3. (E) Concentrations of IL-8 in the supernatant of group (B) were determined. (F) Human-derived
TLR2, TLR4, and TLR2/TLR4 plasmids or (G) mouse-derived mTLR2, mTLR4, and mTLR2/mTLR4 plasmids were transfected into HEK293 cells at a
dose of 1 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) n = 3. Total proteins were collected, and activation of the PISK/AKT
and MAPK pathways was assessed via western blotting. *p < 0.05, **p < 0.01, and ***p < 0.001.
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3.4 Conditional changes in TLR4 and TLR2/
TLR4 heterodimer inhibit the replication of
and activate innate immunity

against EV71

To further confirm the roles of TLR4 and TLR2/TLR4
heterodimer in inhibiting EV71 replication and activating innate
immunity, we investigated whether conditional changes in TLR4
and TLR2/TLR4 heterodimer affect EV71 replication and activation
of innate immunity. When human-mouse chimeric TLR2/TLR4
heterodimer (mTLR2/TLR4 and TLR2/mTLR4) were
overexpressed in HEK293 cells and infected with EV71, the
replication of EV71 was significantly decreased in a dose-

10.3389/fimmu.2023.1187035

dependent manner (Figure 4A). We further determined that
single dominant-negative TIR-less TLR2/TLR4 heterodimer (DN-
TLR2/TLR4, TLR2/DN-TLR4) inhibited EV71 replication
(Figure 4B); however, EV71 replication was not affected in DN-
TLR4-overexpressing HEK293 (Figure 4C) and UT-SCC-60B
(Figure 4D) cells. To identify the nucleotide acting as the major
functional site for TLR4, three single nucleotide mutation TLR4
(A896G, C1196T, and C2141A) plasmids were transfected into
HEK293 cells to determine their effects on EV71 replication.
Mutations in TLR4 at nucleotides A896G, C1196T, and C2141A
result in single amino acid mutations in TLR4 (Asp299Gly,
Thr3991le, and Pro714His, respectively) (42). We found that
EV71 replication was also inhibited in HEK293 cells
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FIGURE 4

Conditional changes in TLR4 and TLR2/TLR4 heterodimers inhibit EV71 replication by activating innate immunity. (A) Human-mouse chimeric TLR2
heterodimer (MTLR2/TLR4 and TLR2/mTLR4) plasmids were transfected into HEK293 cells at a dose of 1 or 2 ug for 24 h, followed by infection with
EV71 at an MOI of 1 for 24 (h) n = 3. (B) Single dominant-negative TIR-less TLR2/TLR4 heterodimer (DN-TLR2/TLR4 and TLR2/DN-TLR4) plasmids
were transfected into HEK293 cells at a dose of 1 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) Single dominant-negative
TIR-less TLR4 plasmid was transfected into (C) HEK293 or (D) UT-SCC-60B cells at a dose of 1 ug for 24 h, followed by infection with EV71 at an
MOI of 1 for 24 (h) n = 3. (E) TLR4 single nucleotide mutation plasmids (A896G, C1196T, and C2141A) were transfected into HEK293 cells at a dose
of 1 ug for 24 h, followed by infection with EV71 at an MOI of 1 for 24 (h) n = 3. Genome copies of EV71 were determined and relative fold
differences were calculated. Concentrations of IL-8 in the supernatants of (F) human—mouse chimeric TLR2 heterodimer and (G) single dominant-
negative TIR-less TLR2 heterodimer groups were determined. n = 3. Activation of the PI3K/AKT and MAPK pathways in (H) human-mouse chimeric
TLR2 heterodimers and (I) DN-TLR2/TLR4 groups was assessed via western blotting. *p < 0.05, **p < 0.01, and ***p < 0.001.
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overexpressing TLR4 mutants (A896G, C1196T, and C2141A);
however, the inhibition rates of these three TLR4 mutants were
significantly lower than those of wild-type TLR4 (Figure 4E). Level
of IL-8 secretion was significantly upregulated in HEK293 cells
overexpressing human-mouse chimeric TLR2/TLR4 heterodimer
(mTLR2/TLR4 and TLR2/mTLR4) in a dose-dependent manner
(Figure 4F); however, only DN-TLR2/TLR4, but not TLR2/DN-
TLR4 (Figure 4G) and DN-TLR4 (Figure S1A), upregulated IL-8
levels upon EV71 infection. PI3K/AKT and MAPK (ERK, JNK, and
p38) pathways were also activated, with an increase in the
phosphorylation levels of AKT, ERK, JNK, and p38 in human-
mouse chimeric TLR2/TLR4 heterodimer (mTLR2/TLR4 and
TLR2/mTLR4; Figure 4H) and DN-TLR2/TLR4 (Figure 4I).
Expression levels of p85 and phosphorylation levels of AKT, ERK,
and p38 were decreased in UT-SCC-60B overexpressing DN-TLR4
(Figure S1B). Taken together, these results further support the
hypothesis that the TLR4 monomer and TLR2/TLR4 heterodimer
inhibit EV71 replication by recognizing EV71 to activate innate

immunity against it.

3.5 EV71 capsid proteins activate innate
immunity via TLR2 and TLR2 heterodimer

TLR2 expression is upregulated in response to live or UV-
inactivated HRV6 and EV71 infection (25, 39, 40), suggesting that
the enterovirus capsid may be recognized by TLR2. To determine
whether EV71 capsid proteins activate cytokine response, we
obtained purified prokaryotic expression recombinant EV71
capsid proteins VP1, VP2, VP3, and VP4 and used them to
stimulate UT-SCC-60B cells at a final concentration of 80 pg/mL.
IL-6 levels were significantly upregulated by recombinant EV71
VP2, VP3, and VP4, whereas IL-8 levels were significantly
upregulated by recombinant EV71 VP1 and VP3 (Figure 5A). We
next constructed EV71 capsid recombinant eukaryotic plasmids
and transfected them into UT-SCC-60B cells. Levels of IL-6 and IL-
8 were significantly upregulated in UT-SCC-60B cells
overexpressing EV71 VP1, VP2, VP3, and VP4 (Figure 5B).
Expression levels of p85, TLR1, TLR2, and TLR6 were
upregulated by the recombinant EV71 capsid proteins VP1 and
VP2, and the phosphorylation levels of ERK and p38 were
significantly upregulated by recombinant EV71 capsid protein
VP4 (Figure 5C). Expression levels of p85, TLR1, TLR2, and
TLR6 and the phosphorylation levels of AKT, ERK, and p38 were
upregulated in US-SCC-60B cells overexpressing EV71 capsid
proteins at different levels (Figure 5D).

To determine whether EV71 capsid proteins activate innate
immunity via TLR2 and TLR2 heterodimer (TLR2/TLRI and
TLR2/TLR6), we first transfected TLR2 and TLR2 heterodimer
(TLR2/TLR1 and TLR2/TLR6) plasmids into HEK293 cells then
stimulated with recombinant EV71 capsid proteins VP1, VP2, VP3,
and VP4 at a final concentration of 80 pug/mL. IL-8 levels were
significantly upregulated in TLR2 and TLR2 heterodimer (TLR2/
TLR1 and TLR2/TLR6)-overexpressing HEK293 in response to
stimulation with recombinant EV71 capsid proteins (VP1, VP2,
VP3, and VP4), especially for the TLR2/TLR6 heterodimer
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(Figure 5E). Similar results were observed in TLR2 and TLR2
heterodimer (TLR2/TLR1 and TLR2/TLR6)-overexpressing UT-
SCC-60B cells, in which EV71 capsid proteins (VP1, VP2, VP3,
and VP4) were also overexpressed, and IL-8 levels were significantly
upregulated (Figure 5F). PI3K/AKT and MAPK (ERK, JNK, and
p38) pathways were activated at different levels by the recombinant
EV71 capsid proteins via TLR2 and TLR2 heterodimer (TLR2/
TLRI and TLR2/TLR6), particularly EV71 VP1 (Figure 5G). These
pathways were also activated in TLR2 heterodimer (TLR2/TLR1
and TLR2/TLR6) and EV71 capsid protein-overexpressing UT-
SCC-60B cells (Figure 5H). Altogether, these results indicate that
EV71 capsid proteins activate the PI3K/AKT and MAPK pathways
via TLR2 and TLR2 heterodimer (TLR2/TLR1 and TLR2/TLR6),
thereby increasing the production of pro-inflammatory cytokines
and activating innate immunity.

3.6 EV71 capsid proteins activate innate
immunity via TLR4 and TLR2/
TLR4 heterodimer

To determine whether the EV71 capsid protein can activate
innate immunity via TLR4 and TLR2/TLR4 heterodimer, we first
determined the levels of IL-8 in recombinant EV71 capsid protein
(VP1, VP2, VP3, and VP4)-stimulated HEK293 cells, in which
TLR4 and TLR2/TLR4 heterodimer were overexpressed. IL-8 levels
were significantly upregulated in all groups (Figure 6A). TLR4 and
TLR2/TLR4 heterodimer were co-transfected with EV71 capsid
plasmids into UT-SCC-60B cells, and IL-8 levels were found to be
upregulated in all groups, except the TLR2/TLR4-EV71VP3 group
(Figure 6B). PI3K/AKT and MAPK pathways were also activated at
different levels in TLR2-, TLR4-, and TLR2/TLR4-overexpressing
HEK293 cells stimulated with recombinant EV71 capsid proteins
(VP1, VP2, VP3, and VP4; Figure 6C) or in TLR4 and TLR2/TLR4
heterodimer with EV71 capsid protein-overexpressing UT-SCC-
60B cells (Figure 6D). These results indicate that EV71 capsid
proteins activate innate immunity via TLR4 and TLR2/
TLR4 heterodimer.

4 Discussion

Innate antiviral immunity is the first line of defense against viral
replication. Determining the EV71-induced activation mechanism
of the innate immune system in host cells can provide insights into
virus-host interactions and the pathogenesis of EV71 infection. The
specific mechanism of activation of the host innate immune
response during EV71 infection remains unknown. EV71-infected
patients with HFMD, herpangina, severe brainstem encephalitis,
and other manifestations associated with the central nervous system
exhibit different proinflammatory responses, such as increased
levels of IL-6, IL-8, and other cytokines (27, 43-47). Furthermore,
EV71-infected host cells exhibit a robust IFN response (24, 48) and
excessive pro-inflammatory cytokine responses (24, 25). Neonatal
mice infected with EV71 exhibit high levels of IL-6 with severe
tissue damage and high mortality (49). These studies indicate that
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FIGURE 5

EV71 capsid proteins induce cytokine responses via TLR2 and TLR2 heterodimers. UT-SCC-60B cells were stimulated with purified recombinant
prokaryotic-expressed EV71 capsid proteins at a final concentration of 80 pug/mL, or EV71 capsid recombinant eukaryotic plasmids were transfected
into UT-SCC-60B cells at a dose of 1 ug for 24 (h) n = 3. Concentrations of IL-6 and IL-8 in (A) recombinant EV71 capsid protein stimulated and

(B) EV71 capsid plasmid transfected groups were determined. Activation of the PI3K/AKT and MAPK pathways in (C) recombinant EV71 capsid protein
stimulated and (D) EV71 capsid plasmid transfected groups were assessed via western blotting. Human-derived TLR2 and TLR2 heterodimer (TLR2/
TLR1 and TLR2/TLR6) plasmids were transfected into HEK293 cells at a dose of 1 pg for 24 h and stimulated with recombinant EV71 capsid proteins
at a final concentration of 80 ug/mL for 24 (h) n = 3. (E) Concentrations of IL-8 and (G) activation of the PI3K/AKT and MAPK pathways were
determined. Human-derived TLR2 and TLR2 heterodimer (TLR2/TLR1 and TLR2/TLR6) and EV71 capsid plasmids were co-transfected into UT-SCC-
608B cells at a dose of 1 pg for 24 (h) n = 3. (F) Concentrations of IL-8 and (H) activation of the PI3K/AKT and MAPK pathways were determined.

*p < 0.05, **p < 0.01, and ***p < 0.001.

the host exerts normal immune responses against EV71, which
shows immune evasion strategies to increase its replication and
spread. Several reviews have summarized the effects of innate
immunity on EV71 and the immune evasion process of EV71
(50-53). EV71 mainly depends on its 2A and 3C proteases to
cleave PRRs and immune-associated signal molecules to disrupt
cellular signal transduction and suppress the production of
cytokines and IFN-o/f and IFN-stimulated gene expression.
However, the mechanisms involved in the activation of cytokine
responses in EV71-infected patients and host cells remain
ambiguous. One potential mechanism for activating the innate
immunity of host cells against EV71, especially during the early
phase of EV71 infection, has been reported but not yet validated.
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In this study, we systematically evaluated the roles of cell
membrane-bound TLR monomers (TLR1, TLR2, TLR4, and
TLR6) and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6, TLR2/
TLR4, and TLR2/CD14) in the inhibition of EV71 replication and
activation of innate immunity. We found that EV71 replication was
significantly inhibited by TLR monomers and TLR2 heterodimer,
and the cellular PI3K/AKT and MAPK signaling pathways were
activated, inducing the production of IL-8. Moreover, EV71 capsid
proteins (VP1, VP2, VP3, and VP4) activated TLR monomers
(TLR2 and TLR4) and TLR2 heterodimer (TLR2/TLR1, TLR2/
TLR6, and TLR2/TLR4), leading to the activation of innate
immunity. These results indicate that EV71 and its capsid
proteins activate innate immunity, which is necessary for TLR
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FIGURE 6

i!uWaﬂW.

EV71 capsid proteins induce cytokine responses via TLR4 and TLR2/TLR4 heterodimer. Human-derived TLR4 and TLR2/TLR4 plasmids were
transfected into HEK293 cells at a dose of 1 ug for 24 h, followed by stimulation with recombinant EV71 capsid proteins at a final concentration of
80 ug/mL for 24 (h) n = 3. (A) Concentrations of IL-8 and (C) activation of the PI3SK/AKT and MAPK pathways were determined. Human-derived TLR4
and TLR2/TLR4 and EV71 capsid plasmids were co-transfected into UT-SCC-60B cells at a dose of 1 ug for 24 (h) n = 3. (B) Concentrations of IL-8
and (D) activation of the PI3K/AKT and MAPK pathways were determined. (E) Schematic model for the activation of innate immunity by EV71 and
capsid proteins via cell membrane-bound TLR1/2/4/6 monomers and TLR2 heterodimers. *p < 0.05, **p < 0.01, and ***p < 0.001.

monomer and TLR2 heterodimer recognition, as well as the innate
cytokine signaling cascade during the early phase of EV71
infection (Figure 6E).

To the best of our knowledge, this study is the first to investigate the
mechanism of EV71 infection and replication in detail. Specific roles of
cell membrane-bound TLR1/2/4/6 monomers and TLR2 heterodimer
in recognizing EV71 and activating innate immunity have not yet been
fully elucidated. Currently, the roles of TLRs, particularly cell
membrane-bound TLRs in activating innate immunity against EV71
remain unclear. Transcriptional levels of TLR7 and TLR8 are
upregulated in EV71-infected host cells (24, 25, 54), indicating that
the EV71 genome ssRNA is recognized by TLR7 and TLR8. However,
TLR3 may recognize the dsRNA produced in the EV71 genome
replication process because the level of TLR3 is also upregulated (24,
54). These TLRs mainly recognize viral RNA and are located in
intracellular endosomes; however, whether cell membrane-bound

Frontiers in Immunology

11

TLR1/2/4/6 monomers and TLR2 heterodimer engage in recognizing
EV71 requires further investigation. Humans vaccinated with
inactivated EV71 showed altered host innate and adaptive response
gene expression (55), and EV71 virus-like particles (VLPs) induced the
production of IL-12 and IL-10 via TLR4 (56). Additionally, the
expression of TLR2 is significantly upregulated by EV71 and UV-
inactivated EV71 in the early phase of infection (25). Our previous
study also confirmed that the transcriptional level of TLR2 was
upregulated using a transcriptomic sequencing method, and that
overexpression of TLR2 and TLR2 heterodimer or activation of TLR2
heterodimer by their ligands significantly inhibited EV71 replication
(40). These results indicate that cell membrane-bound TLR2, TLR4,
and TLR2 heterodimer play a pivotal role in mediating the innate
immune response activation induced by EV71 and that EV71 capsid
proteins may be recognized by TLR2, TLR4, and TLR2 heterodimer;
however, the underlying mechanisms require further investigation.
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To determine the roles of cell membrane-bound TLR
monomers (TLR1, TLR2, TLR4, and TLR6) and TLR2
heterodimer (TLR2/TLR1, TLR2/TLR6, TLR2/TLR4, and TLR2/
CD14) directly sensing EV71 and contributing to activate innate
immunity to limit EV71 replication, we set two strategies to
determine the roles of these TLR monomers and TLR2
heterodimer. The first strategy was to test whether normal TLR
monomers (TLR1, TLR2, and TLR6) and TLR2 heterodimer
(TLR2/TLR1 and TLR2/TLR6) derived from humans or mice
could inhibit EV71 replication. Our data demonstrated that EV71
replication was significantly inhibited in two types of host cells
overexpressing TLR1, TLR2, TLR6, TLR2/TLR1, and TLR2/TLR6,
and increased production of IL-8. To ensure the accuracy of the
results, we carried out a second strategy using human-mouse
chimeric TLR2 heterodimer (mTLR2/TLR1, TLR2/mTLRI,
mTLR2/TLR6, and TLR2/mTLR6) or DN-TLR2 heterodimer
(DN-TLR2/TLR1, TLR2/DN-TLRI1, DN-TLR2/TLR6, and TLR2/
DN-TLR6). Furthermore, the roles of DN-TLRs (DN-TLR1, DN-
TLR2, and DN-TLR6) were also evaluated. Our data showed that
EV71 replication was also inhibited by human-mouse chimeric
TLR2 heterodimer and DN-TLR2 heterodimer; however, DN-TLRs
lost their inhibitory ability against EV71. These results are in
accordance with those of our earlier investigation (40) and
support the idea that both human and mouse TLR1/2/6
monomers and TLR2 heterodimer play important roles in the
protection of host cells against EV71. Several viral proteins are
recognized by TLR2, including RSV G protein recognized by TLR2/
TLR6 heterodimer (36), HIV structural protein pl7 and gp4l
recognized by TLR2/TLR1 heterodimer, HIV p24 recognized by
TLR2/TLR6 heterodimer (34), hepatitis C virus (HCV) core and
NS3 recognized by TLR2/TLR1 or TLR2/TLR6 heterodimer (57,
58), and rotavirus NSP4-activated proinflammatory cytokine
response recognized by TLR2 (59). Taken together, these results
suggest that cell-surface TLR2 and TLR2 heterodimer participate in
the recognition of viruses, resulting in a decrease in viral replication
and activation of antiviral innate immunity. Unlike other TLRs,
TLR2 interacts with its co-receptors, such as TLR1 and TLRé, to
form TLR2 heterodimer (60, 61). However, the roles of other cell
membrane-bound TLR monomers (TLR1 and TLR6) in viral
replication remain unknown. In this study, we systematically
evaluated human and mouse TLR1, TLR6, DN-TLR2 heterodimer
(DN-TLR2/TLR1 and DN-TLR2/TLR6), and DN-TLRs (DN-TLR1
and DN-TLR6) and found that different TLR monomers (TLR1 and
TLR6) and DN-TLR2 heterodimer can inhibit EV71 replication, but
not DN-TLRI and DN-TLR6. These results further confirmed that
cell surface TLR1 and TLR6 monomers exhibit anti-EV71 effects
while facilitating the formation of TLR2 heterodimer.

TLR4 is another cell membrane-bound TLR that recognizes
viral proteins to activate innate immunity. RSV activates innate
immunity via TLR4, and RSV F protein is recognized by TLR4 (62,
63). Influenza virus hemagglutinin interacts with TLR4 to induce
Janus tyrosine kinase-3 activation (64). Extracellular nucleoproteins
of the influenza virus interact with TLR2 and TLR4 to induce the
production of IL-1f and IL-6 (37). HIV gp120 binds to TLR2 and
TLR4 to activate the nuclear factor (NF)-xB pathway for the
production of TNF-o and IL-8 (35). These studies indicate that
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TLR4 monomers recognize viral proteins to activate innate
immunity and also interact with TLR2. Further studies have
confirmed that TLR2 interacts with TLR4 to form the TLR2/
TLR4 heterodimer (65). Myeloid differentiation primary response
gene 88 mediates TLR2/TLR4 heterodimerization (41). Here, we
determined the roles of TLR4 and TLR2/TLR4 heterodimer in EV71
infection. Both human and mouse TLR4 and TLR2/TLR4
heterodimer significantly inhibited EV71 replication, and human-
mouse chimeric mTLR2/TLR4 and TLR2/mTLR4 also exhibited
inhibitory effects on EV71. DN-TLR4 did not show any inhibitory
effect, but DN-TLR2/TLR4 and TLR2/DN-TLR4 inhibited EV71
replication. These results indicate that TLR2 and TLR4 monomers
limit EV71 replication. Three single nucleotide mutations in TLR4
(A896G, C1196T, and C2141A) also inhibited EV71 replication, but
their inhibition rates of EV71 were significantly decreased
compared with those of wild-type TLR4. These results suggest
these three nucleotides as functional sites of TLR4.

EV71 is a naked virus consisting of four structural proteins
(VP1, VP2, VP3, and VP4) forming a promoter. Five promoters are
assembled into a pentamer, and 12 pentamers are assembled to
form a capsid with an icosahedral structure (12). Unlike enveloped
viruses, such as HIV, which use the envelope glycoprotein gp120, a
protein attached to its viral receptor CD4 interacts with cell
membrane-bound TLR2 and TLR4 (35). In the life cycle of EV71,
especially in the attachment and uncoating phases, EV71 capsid is
the first to attach to cell surface molecules, such as viral receptors
(SCARB2 and PSGL-1) and other receptors (cell membrane-bound
TLR1/2/4/6). EV71 capsid proteins VP1, VP2, and VP3 are exposed
on the surface of the capsid, whereas VP4 is located in the internal
capsid. Whether EV71 capsid proteins are recognized by cell
membrane-bound TLR monomers and TLR2 heterodimer
remains unknown. In this study, we mainly focused on TLR2 and
TLR4 monomers and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6,
and TLR2/TLR4). We first confirm the findings of our previous
study that the levels of TLR2 are upregulated in the UT-SCC-60B
cell model. Cells were then stimulated with four recombinant or
overexpressed EV71 capsid proteins via plasmid transfection.
Concentrations of IL-6 and IL-8 were significantly upregulated
and the expression levels of TLRI, TLR2, and TLR6 were
upregulated in EV71 capsid protein-overexpressing cells. We
confirmed that EV71 capsid proteins induce cytokine production
and activate the PI3K/AKT and MAPK pathways. Well-known
functions of EV71 include EV71 VPI1-mediated receptor-binding
(14, 15) and virulence determination (66, 67). Four capsids
containing different neutralizing epitopes can be used as
candidate EV71 vaccine epitopes (12, 68). Taken together, our
results indicate that EV71 capsid proteins play important roles in
innate immune activation via cell membrane-bound TLR2, TLR4,
and TLR2 heterodimer. Recently study shows interferon-inducible
poly(ADP-ribose) polymerase 9 (PARP9) as the host restriction
factor to sense viral RNA and employs PI3K/AKT3 pathway to
produce type I interferon (69), and our results also find PI3K/AKT
pathway is activated by EV71 and its capsid proteins via TLR2,
TLR4, and TLR2 heterodimer. Whether TLR2, TLR4, and TLR2
heterodimer could activate PARP9 mediated PI3K/AKT pathway to
induce the phosphorylation of IRF3 and IRF7 to induce type I
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interferon for inhibiting EV71 replication is still need
further investigation.

In summary, our results revealed that cell membrane-bound
TLR monomers (TLR1/2/4/6) and TLR2 heterodimer (TLR2/TLR1,
TLR2/TLR6, and TLR2/TLR4) recognize EV71, resulting in the
activation of innate responses and inhibition of EV71 replication.
Moreover, EV71 capsid proteins activated innate immunity via
TLR2, TLR4, and TLR2 heterodimer (TLR2/TLR1, TLR2/TLR6,
and TLR2/TLR4). Collectively, our results indicated that EV71
capsid proteins, as novel PAMPs, are recognized by membrane-
bound TLR monomers and TLR2 heterodimer, improving our
understanding of the innate recognition of EV71.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

G-CX and L-YD conceived and designed this study. P-PS, DL,
MS, and QR performed the cell biology experiments. W-PG, L-YD,
and J-LW performed the data analysis. G-CX, P-PS, and L-YD were
responsible for writing and the critical reading of the manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by grants from the National Key
Research and Development Program of China (2022YFC3500800,
2022YFC3500802), the National Natural Science Foundation of
China (81702008); the Natural Science Foundation of Hebei

References

1. Schmidt NJ, Lennette EH, Ho HH. An apparently new enterovirus isolated from
patients with disease of the central nervous system. J Infect Dis (1974) 129:304-09.
doi: 10.1093/infdis/129.3.304

2. Hagiwara A, Tagaya I, Yoneyama T. Epidemic of hand, foot and mouth disease
associated with enterovirus 71 infection. Intervirology (1978) 9:60-3. doi: 10.1159/000148922

3. Chumakov M, Voroshilova M, Shindarov L, Lavrova I, Gracheva L, Koroleva G,
et al. Enterovirus 71 isolated from cases of epidemic poliomyelitis-like disease in
Bulgaria. Arch Virol (1979) 60:329-40. doi: 10.1007/BF01317504

4. Chan LG, Parashar UD, Lye MS, Ong FG, Zaki SR, Alexander JP, et al. Deaths of
children during an outbreak of hand, foot, and mouth disease in sarawak, malaysia:
clinical and pathological characteristics of the disease. for the outbreak study group.
Clin Infect Dis (2000) 31:678-83. doi: 10.1086/314032

5. Ho M, Chen ER, Hsu KH, Twu SJ, Chen KT, Tsai SF, et al. An epidemic of
enterovirus 71 infection in taiwan. Taiwan enterovirus epidemic working group. N Engl
] Med (1999) 341:929-35. doi: 10.1056/NEJM199909233411301

6. Zhang Y, Tan XJ, Wang HY, Yan DM, Zhu SL, Wang DY, et al. An outbreak of
hand, foot, and mouth disease associated with subgenotype C4 of human enterovirus
71 in Shandong, China. J Clin Virol (2009) 44:262-67. doi: 10.1016/j.jcv.2009.02.002

Frontiers in Immunology

13

10.3389/fimmu.2023.1187035

Province (H2018406024); Chengde Medical University (KY2020002,
KY202127); Technology Innovation Guidance Project-Science and
Technology Work Conference by Hebei Provincial Department of
Science and Technology.

Acknowledgments

We thank all members of the Department of Pathogenic
Biology, College of Basic Medicine, Chengde Medical University.
We also thank the editors for their patience and kindness in helping
with this paper. We would like to thank Editage for the English
language editing and proofreading of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1187035/
full#supplementary-material

7. ZhangY, Zhu Z, Yang W, Ren ], Tan X, Wang Y, et al. An emerging recombinant
human enterovirus 71 responsible for the 2008 outbreak of hand foot and mouth
disease in fuyang city of China. Virol J (2010) 7:94. doi: 10.1186/1743-422X-7-94

8. De W, Changwen K, Wei L, Monagin C, Jin Y, Cong M, et al. A large outbreak of
hand, foot, and mouth disease caused by EV71 and CAV16 in guangdong, China, 2009.
Arch Virol (2011) 156:945-53. doi: 10.1007/s00705-011-0929-8

9. Huang PN, Shih SR. Update on enterovirus 71 infection. Curr Opin Virol (2014)
5:98-104. doi: 10.1016/j.coviro.2014.03.007

10. Kinobe R, Wiyatno A, Artika IM, Safari D. Insight into the enterovirus A71: a
review. Rev Med Virol (2022) 32:2361. doi: 10.1002/rmv.2361

11. Solomon T, Lewthwaite P, Perera D, Cardosa MJ, McMinn P, Ooi MH.
Virology, epidemiology, pathogenesis, and control of enterovirus 71. Lancet Infect
Dis (2010) 10:778-90. doi: 10.1016/S1473-3099(10)70194-8

12. Yuan J, Shen L, Wu J, Zou X, Gu J, Chen J, et al. Enterovirus A71 proteins:
structure and function. Front Microbiol (2018) 9:286. doi: 10.3389/fmicb.2018.00286

13. Wang H, Li Y. Recent progress on functional genomics research of enterovirus
71. Virol Sin (2019) 34:9-21. doi: 10.1007/s12250-018-0071-9

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1187035/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1187035/full#supplementary-material
https://doi.org/10.1093/infdis/129.3.304
https://doi.org/10.1159/000148922
https://doi.org/10.1007/BF01317504
https://doi.org/10.1086/314032
https://doi.org/10.1056/NEJM199909233411301
https://doi.org/10.1016/j.jcv.2009.02.002
https://doi.org/10.1186/1743-422X-7-94
https://doi.org/10.1007/s00705-011-0929-8
https://doi.org/10.1016/j.coviro.2014.03.007
https://doi.org/10.1002/rmv.2361
https://doi.org/10.1016/S1473-3099(10)70194-8
https://doi.org/10.3389/fmicb.2018.00286
https://doi.org/10.1007/s12250-018-0071-9
https://doi.org/10.3389/fimmu.2023.1187035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sun et al.

14. Nishimura Y, Shimojima M, Tano Y, Miyamura T, Wakita T, Shimizu H.
Human p-selectin glycoprotein ligand-1 is a functional receptor for enterovirus 71. Nat
Med (2009) 15:794-97. doi: 10.1038/nm.1961

15. Yamayoshi S, Yamashita Y, Li J, Hanagata N, Minowa T, Takemura T, et al.
Scavenger receptor B2 is a cellular receptor for enterovirus 71. Nat Med (2009) 15:798-
801. doi: 10.1038/nm.1992

16. Kataoka C, Suzuki T, Kotani O, Iwata-Yoshikawa N, Nagata N, Ami Y, et al. The
role of VP1 amino acid residue 145 of enterovirus 71 in viral fitness and pathogenesis in
a cynomolgus monkey model. PLoS Pathog (2015) 11:e1005033. doi: 10.1371/
journal.ppat.1005033

17. Cao J, Qu M, Liu H, Wan X, Li F, Hou A, et al. Myristoylation of EV71 VP4 is
essential for infectivity and interaction with membrane structure. Virol Sin (2020)
35:599-613. doi: 10.1007/s12250-020-00226-1

18. Kumar H, Kawai T, Akira S. Pathogen recognition by the innate immune
system. Int Rev Immunol (2011) 30:16-34. doi: 10.3109/08830185.2010.529976

19. Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen recognition.
Int Immunol (2009) 21:317-37. doi: 10.1093/intimm/dxp017

20. Kumar H, Kawai T, Akira S. Toll-like receptors and innate immunity. Biochem
Biophys Res Commun (2009) 388:621-25. doi: 10.1016/j.bbrc.2009.08.062

21. Lester SN, Li K. Toll-like receptors in antiviral innate immunity. ] Mol Biol
(2014) 426:1246-64. doi: 10.1016/j.jmb.2013.11.024

22. ZhouR, Liu L, Wang Y. Viral proteins recognized by different TLRs. ] Med Virol
(2021) 93:6116-23. doi: 10.1002/jmv.27265

23. Kuo R, Kao L, Lin S, Wang RY, Shih S. MDAD5 plays a crucial role in enterovirus
71 RNA-mediated IRF3 activation. PLoS One (2013) 8:¢63431. doi: 10.1371/
journal.pone.0063431

24. Chi C, Sun Q, Wang S, Zhang Z, Li X, Cardona CJ, et al. Robust antiviral
responses to enterovirus 71 infection in human intestinal epithelial cells. Virus Res
(2013) 176:53-60. doi: 10.1016/j.virusres.2013.05.002

25. Gong X, Zhou J, Zhu W, Liu N, Li J, Li L, et al. Excessive proinflammatory
cytokine and chemokine responses of human monocyte-derived macrophages to
enterovirus 71 infection. BMC Infect Dis (2012) 12:224. doi: 10.1186/1471-2334-12-224

26. Wang SM, Lei HY, Yu CK, Wang JR, Su I, Liu CC. Acute chemokine response
in the blood and cerebrospinal fluid of children with enterovirus 71-associated
brainstem encephalitis. J Infect Dis (2008) 198:1002-06. doi: 10.1086/591462

27. Lin TY, Chang LY, Huang YC, Hsu KH, Chiu CH, Yang KD. Different
proinflammatory reactions in fatal and non-fatal enterovirus 71 infections:
implications for early recognition and therapy. Acta Paediatr (2002) 91:632-35.
doi: 10.1080/080352502760069016

28. Zhang Y, Liu H, Wang L, Yang F, Hu Y, Ren X, et al. Comparative study of the
cytokine/chemokine response in children with differing disease severity in enterovirus
71-induced hand, foot, and mouth disease. PLoS One (2013) 8:¢67430. doi: 10.1371/
journal.pone.0067430

29. Han J, Wang Y, Gan X, Song J, Sun P, Dong XP. Serum cytokine profiles of
children with human enterovirus 71-associated hand, foot, and mouth disease. ] Med
Virol (2014) 86:1377-85. doi: 10.1002/jmv.23929

30. Pathinayake PS, Hsu AC, Wark PA. Innate immunity and immune evasion by
enterovirus 71. Viruses (2015) 7:6613-30. doi: 10.3390/v7122961

31. Schnare M, Rollinghoff M, Qureshi S. Toll-like receptors: sentinels of host
defence against bacterial infection. Int Arch Allergy Immunol (2006) 139:75-85.
doi: 10.1159/000090001

32. Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity. Cell
(2020) 180:1044-66. doi: 10.1016/j.cell.2020.02.041

33. Chen J, Ng MM, Chu JJ. Activation of TLR2 and TLR6 by dengue NS1 protein
and its implications in the immunopathogenesis of dengue virus infection. PloS Pathog
(2015) 11:21005053. doi: 10.1371/journal.ppat.1005053

34. Henrick BM, Yao XD, Rosenthal KL. HIV-1 structural proteins serve as PAMPs
for TLR2 heterodimer significantly increasing infection and innate immune activation.
Front Immunol (2015) 6:426. doi: 10.3389/fimmu.2015.00426

35. Nazli A, Kafka JK, Ferreira VH, Anipindi V, Mueller K, Osborne BJ, et al. HIV-1
gp120 induces TLR2- and TLR4-mediated innate immune activation in human female
genital epithelium. J Immunol (2013) 191:4246-58. doi: 10.4049/jimmunol.1301482

36. Alshaghdali K, Saeced M, Kamal MA, Saeed A. Interaction of ectodomain of
respiratory syncytial virus G protein with TLR2/TLR6 heterodimer: an In vitro and in
silico approach to decipher the role of RSV G protein in pro-inflammatory response
against the virus. Curr Pharm Des (2021) 27:4464-76. doi: 10.2174/
1381612827666210716160030

37. Kim CU, Jeong YJ, Lee P, Lee MS, Park JH, Kim YS, et al. Extracellular
nucleoprotein exacerbates influenza virus pathogenesis by activating toll-like receptor 4
and the NLRP3 inflammasome. Cell Mol Immunol (2022) 19:715-25. doi: 10.1038/
541423-022-00862-5

38. Khanmohammadi S, Rezaei N. Role of toll-like receptors in the pathogenesis of
COVID-19. ] Med Virol (2021) 93:2735-39. doi: 10.1002/jmv.26826

39. Triantafilou K, Vakakis E, Richer EA, Evans GL, Villiers JP, Triantafilou M.
Human rhinovirus recognition in non-immune cells is mediated by toll-like receptors
and MDA-5, which trigger a synergetic pro-inflammatory immune response. Virulence
(2011) 2:22-9. doi: 10.4161/viru.2.1.13807

Frontiers in Immunology

14

10.3389/fimmu.2023.1187035

40. Li D, Su M, Sun PP, Guo WP, Wang CY, Wang JL, et al. Global profiling of the
alternative splicing landscape reveals transcriptomic diversity during the early phase of
enterovirus 71 infection. Virology (2020) 548:213-25. doi: 10.1016/j.virol.2020.06.011

41. Wang YC, Zhou Y, Fang H, Lin S, Wang PF, Xiong RP, et al. Toll-like receptor 2/
4 heterodimer mediates inflammatory injury in intracerebral hemorrhage. Ann Neurol
(2014) 75:876-89. doi: 10.1002/ana.24159

42. Kuo WT, Lee TC, Yang HY, Chen CY, Au YC, Lu YZ, et al. LPS receptor
subunits have antagonistic roles in epithelial apoptosis and colonic carcinogenesis. Cell
Death Differ (2015) 22:1590-604. doi: 10.1038/cdd.2014.240

43. Griffiths MJ, Ooi MH, Wong SC, Mohan A, Podin Y, Perera D, et al. In
enterovirus 71 encephalitis with cardio-respiratory compromise, elevated interleukin
1beta, interleukin 1 receptor antagonist, and granulocyte colony-stimulating factor
levels are markers of poor prognosis. J Infect Dis (2012) 206:881-92. doi: 10.1093/
infdis/jis446

44. Lin TY, Hsia SH, Huang YC, Wu CT, Chang LY. Proinflammatory cytokine
reactions in enterovirus 71 infections of the central nervous system. Clin Infect Dis
(2003) 36:269-74. doi: 10.1086/345905

45. Wang SM, Lei HY, Huang KJ, Wu JM, Wang JR, Yu CK, et al. Pathogenesis of
enterovirus 71 brainstem encephalitis in pediatric patients: roles of cytokines and
cellular immune activation in patients with pulmonary edema. J Infect Dis (2003)
188:564-70. doi: 10.1086/376998

46. Wang W, Li W, Yang X, Zhang T, Wang Y, Zhong R, et al. Interleukin-8 is
elevated in severe hand, foot, and mouth disease. J Infect Dev Ctries (2014) 8:94-100.
doi: 10.3855/jidc.3542

47. Chen Z, Li R, Xie Z, Huang G, Yuan Q, Zeng J. IL-6, IL-10 and IL-13 are
associated with pathogenesis in children with enterovirus 71 infection. Int J Clin Exp
Med (2014) 7:2718-23.

48. Lui YL, Tan TL, Timms P, Hafner LM, Tan KH, Tan EL. Elucidating the host-
pathogen interaction between human colorectal cells and invading enterovirus 71 using
transcriptomics profiling. FEBS Open Bio (2014) 4:426-31. doi: 10.1016/
j.fob.2014.04.005

49. Khong WX, Foo DG, Trasti SL, Tan EL, Alonso S. Sustained high levels of
interleukin-6 contribute to the pathogenesis of enterovirus 71 in a neonate mouse
model. J Virol (2011) 85:3067-76. doi: 10.1128/JV1.01779-10

50. Jin Y, Zhang R, Wu W, Duan G. Antiviral and inflammatory cellular signaling
associated with enterovirus 71 infection. Viruses (2018) 10:155. doi: 10.3390/v10040155

51. Rasti M, Khanbabaei H, Teimoori A. An update on enterovirus 71 infection and
interferon type I response. Rev Med Virol (2019) 29:2016. doi: 10.1002/rmv.2016

52. Swain SK, Panda S, Sahu BP, Sarangi R. Activation of host cellular signaling and
mechanism of enterovirus 71 viral proteins associated with hand, foot and mouth
disease. Viruses (2022) 14:2190. doi: 10.3390/v14102190

53. Cox JA, Hiscox JA, Solomon T, Ooi MH, Ng L. Imnmunopathogenesis and virus-
host interactions of enterovirus 71 in patients with hand, foot and mouth disease. Front
Microbiol (2017) 8:2249. doi: 10.3389/fmicb.2017.02249

54. Zhu L, Li W, Qi G, Liu N, Sheng L, Shang L, et al. The immune mechanism of
intestinal tract toll-like receptor in mediating EV71 virus type severe hand-foot-and-
mouth disease and the MAPK pathway. Exp Ther Med (2017) 13:2263-66. doi: 10.3892/
etm.2017.4245

55. Liu L, Zhang Y, Wang ], Zhao H, Jiang L, Che Y, et al. Study of the integrated
immune response induced by an inactivated EV71 vaccine. PLoS One (2013) 8:¢54451.
doi: 10.1371/journal.pone.0054451

56. Lin YL, Hu YC, Liang CC, Lin SY, Liang YC, Yuan HP, et al. Enterovirus-71
virus-like particles induce the activation and maturation of human monocyte-derived
dendritic cells through TLR4 signaling. PLoS One (2014) 9:¢111496. doi: 10.1371/
journal.pone.0111496

57. Chang S, Dolganiuc A, Szabo G. Toll-like receptors 1 and 6 are involved in
TLR2-mediated macrophage activation by hepatitis ¢ virus core and NS3 proteins. ]
Leukoc Biol (2007) 82:479-87. doi: 10.1189/j1b.0207128

58. Rajalakshmy AR, Malathi J, Madhavan HN. Hepatitis ¢ virus NS3 mediated
microglial inflammation via TLR2/TLR6 MyD88/NF-kappaB pathway and toll like
receptor ligand treatment furnished immune tolerance. PLoS One (2015) 10:2125419.
doi: 10.1371/journal.pone.0125419

59. Ge Y, Mansell A, Ussher JE, Brooks AE, Manning K, Wang CJ, et al. Rotavirus
NSP4 triggers secretion of proinflammatory cytokines from macrophages via toll-like
receptor 2. ] Virol (2013) 87:11160-67. doi: 10.1128/JV1.03099-12

60. Kang JY, Nan X, Jin MS, Youn SJ, Ryu YH, Mah §, et al. Recognition of
lipopeptide patterns by toll-like receptor 2-toll-like receptor 6 heterodimer. Immunity
(2009) 31:873-84. doi: 10.1016/j.immuni.2009.09.018

61. Jin MS, Kim SE, Heo JY, Lee ME, Kim HM, Paik SG, et al. Crystal structure of
the TLR1-TLR2 heterodimer induced by binding of a tri-acylated lipopeptide. Cell
(2007) 130:1071-82. doi: 10.1016/j.cell.2007.09.008

62. Haynes LM, Moore DD, Kurt-Jones EA, Finberg RW, Anderson L], Tripp RA.

Involvement of toll-like receptor 4 in innate immunity to respiratory syncytial virus. J
Virol (2001) 75:10730-37. doi: 10.1128/JV1.75.22.10730-10737.2001

63. Kurt-Jones EA, Popova L, Kwinn L, Haynes LM, Jones LP, Tripp RA, et al.
Pattern recognition receptors TLR4 and CD14 mediate response to respiratory
syncytial virus. Nat Immunol (2000) 1:398-401. doi: 10.1038/80833

frontiersin.org


https://doi.org/10.1038/nm.1961
https://doi.org/10.1038/nm.1992
https://doi.org/10.1371/journal.ppat.1005033
https://doi.org/10.1371/journal.ppat.1005033
https://doi.org/10.1007/s12250-020-00226-1
https://doi.org/10.3109/08830185.2010.529976
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1016/j.bbrc.2009.08.062
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.1002/jmv.27265
https://doi.org/10.1371/journal.pone.0063431
https://doi.org/10.1371/journal.pone.0063431
https://doi.org/10.1016/j.virusres.2013.05.002
https://doi.org/10.1186/1471-2334-12-224
https://doi.org/10.1086/591462
https://doi.org/10.1080/080352502760069016
https://doi.org/10.1371/journal.pone.0067430
https://doi.org/10.1371/journal.pone.0067430
https://doi.org/10.1002/jmv.23929
https://doi.org/10.3390/v7122961
https://doi.org/10.1159/000090001
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1371/journal.ppat.1005053
https://doi.org/10.3389/fimmu.2015.00426
https://doi.org/10.4049/jimmunol.1301482
https://doi.org/10.2174/1381612827666210716160030
https://doi.org/10.2174/1381612827666210716160030
https://doi.org/10.1038/s41423-022-00862-5
https://doi.org/10.1038/s41423-022-00862-5
https://doi.org/10.1002/jmv.26826
https://doi.org/10.4161/viru.2.1.13807
https://doi.org/10.1016/j.virol.2020.06.011
https://doi.org/10.1002/ana.24159
https://doi.org/10.1038/cdd.2014.240
https://doi.org/10.1093/infdis/jis446
https://doi.org/10.1093/infdis/jis446
https://doi.org/10.1086/345905
https://doi.org/10.1086/376998
https://doi.org/10.3855/jidc.3542
https://doi.org/10.1016/j.fob.2014.04.005
https://doi.org/10.1016/j.fob.2014.04.005
https://doi.org/10.1128/JVI.01779-10
https://doi.org/10.3390/v10040155
https://doi.org/10.1002/rmv.2016
https://doi.org/10.3390/v14102190
https://doi.org/10.3389/fmicb.2017.02249
https://doi.org/10.3892/etm.2017.4245
https://doi.org/10.3892/etm.2017.4245
https://doi.org/10.1371/journal.pone.0054451
https://doi.org/10.1371/journal.pone.0111496
https://doi.org/10.1371/journal.pone.0111496
https://doi.org/10.1189/jlb.0207128
https://doi.org/10.1371/journal.pone.0125419
https://doi.org/10.1128/JVI.03099-12
https://doi.org/10.1016/j.immuni.2009.09.018
https://doi.org/10.1016/j.cell.2007.09.008
https://doi.org/10.1128/JVI.75.22.10730-10737.2001
https://doi.org/10.1038/80833
https://doi.org/10.3389/fimmu.2023.1187035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sun et al.

64. Cao K, Chen M, Jie X, Wang Y, Li Q, Xu J. H5N1 virus hemagglutinin inhibition of
cAMP-dependent CFTR via TLR4-mediated janus tyrosine kinase 3 activation exacerbates
lung inflammation. Mol Med (2015) 21:134-42. doi: 10.2119/molmed.2014.00189

65. Fernandez-Lizarbe S, Montesinos J, Guerri C. Ethanol induces TLR4/TLR2
association, triggering an inflammatory response in microglial cells. ] Neurochem
(2013) 126:261-73. doi: 10.1111/jnc.12276

66. Zaini Z, McMinn P. A single mutation in capsid protein VP1 (Q145E) of a
genogroup C4 strain of human enterovirus 71 generates a mouse-virulent phenotype. J
Gen Virol (2012) 93:1935-40. doi: 10.1099/vir.0.043893-0

Frontiers in Immunology

15

10.3389/fimmu.2023.1187035

67. Liu ZW, Zhuang ZC, Chen R, Wang XR, Zhang HL, Li SH, et al. Enterovirus 71
VP1 protein regulates viral replication in SH-SY5Y cells via the mTOR autophagy
signaling pathway. Viruses (2019) 12:11. doi: 10.3390/v12010011

68. Zhao M, Bai Y, Liu W, Xiao X, Huang Y, Cen S, et al. Immunization of n
terminus of enterovirus 71 VP4 elicits cross-protective antibody responses. BMC
Microbiol (2013) 13:287. doi: 10.1186/1471-2180-13-287

69. Xing J, Zhang A, Du Y, Fang M, Minze L], Liu Y], et al. Identification of poly
(ADP-ribose) polymerase 9 (PARP9) as a noncanonical sensor for RNA virus in
dendritic cells. Nat Commun (2021) 12:2681. doi: 10.1038/s41467-021-23003-4

frontiersin.org


https://doi.org/10.2119/molmed.2014.00189
https://doi.org/10.1111/jnc.12276
https://doi.org/10.1099/vir.0.043893-0
https://doi.org/10.3390/v12010011
https://doi.org/10.1186/1471-2180-13-287
https://doi.org/10.1038/s41467-021-23003-4
https://doi.org/10.3389/fimmu.2023.1187035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cell membrane-bound toll-like receptor-1/2/4/6 monomers and -2 heterodimer inhibit enterovirus 71 replication by activating the antiviral innate response
	1 Introduction
	2 Materials and methods
	2.1 Cell lines and virus
	2.2 Plasmids
	2.3 Prokaryotic expression and purification
	2.4 Transfection and infection
	2.5 Real-time polymerase chain reaction
	2.6 Western blot
	2.7 Enzyme-linked immunosorbent assay
	2.8 Statistical analysis

	3 Results
	3.1 Human- or mouse-derived TLR1/2/6 monomers and TLR2 heterodimer inhibit replication of and activate innate immunity against EV71
	3.2 Conditional changes in TLR2 heterodimer inhibit the replication of and activate innate immunity against EV71
	3.3 Human- and mouse-derived TLR4 and TLR2/TLR4 heterodimer inhibit the replication of and activate innate immunity against EV71
	3.4 Conditional changes in TLR4 and TLR2/TLR4 heterodimer inhibit the replication of and activate innate immunity against EV71
	3.5 EV71 capsid proteins activate innate immunity via TLR2 and TLR2 heterodimer
	3.6 EV71 capsid proteins activate innate immunity via TLR4 and TLR2/TLR4 heterodimer

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


